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CONFIGURATION & AERODYNAMIC: DLSIGN STUDIES OF JOINED-
WING HIGH ASPECT RATIO SENSORCRAFT CONCEPT

Dr. R. K. Nangia

SUMMARY

Urnmanned Senwr Craft air vehicles have been pmposed as the air-breathing ¢omponent ¢f'a

future intelligence, surveillance; end recomnaissance (ISR‘) infrastructure to ptmw:

revolutionary capsbilities. Such eraft must take advantage of high aspect Tatio (AR) wings for

iaarodvnaxﬁ’c eﬁ’mency, an& may dlso be fequired o enckzose an antenna in'a dlamcnd am:mf*

pIanfam, A lerge proportion of fire] must be carried; and "loiter” is af high altitudes for 2 foiw

-days in each f] :ahL This implies that a wide Cy—altitude: capahﬂlt& is reqnmd

This report is concered with configuration: and desian studzes of hwh AR Scnsor Craft.

Implications of typical ﬂwht envelope on Wing. Demgn dspects have béen mhentioned. Three
- different types of ;amedswmg layouts have been proposed. The configwation differences arise

due to orientation of the puter wing tip, wheiher itis (mnvennemlj aft-siwept or fomard«swspg
and the dihedral of each wing,

Results are presented for wings with uncambered: sections and then with designed: camber and
twist, trimmed for neutral szab;m} Layouts ‘with fDrWard*S\WFL outer 1ips give spanwise
loadings which are possrbly e tolerant at off-désign conditions over the wide flight envelope.
Such confi surations may have less tendency for Wmﬂ-drﬂp at high lift Results of {he inverse
design applh.mzma are shown here, and further work is; ‘proposed in ) several areas.
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1. INTRODUCTION, BACKGROUND, & WORK PROGRAMME.
L.1. Background, Wider Context
Fallowing the USAF-EQARD sponsored " Window-on-Selence” (WOS) visit (Dec 2000) to the

US Alr Force Research Laboratory (AFRL) at Wright-Patterson Air Force Base, a programme of
work to support the laboratory’s programme wag jdenifisd, ‘

The AFRL (Refl1) is actively engaged in fundamenial and (more visible) applied issues that
"spearhead” funture advances in technology. Several projects are being undertzken, some in eo-
operation with industry. One of the primary AF organizations imvolved in such activities is the
Aerodynamic Configuration Branch led by Mr. Dieter Multhopp. The projects include short-,
mid-and loriger- term "visions" e.g. ' o .

Cirrent- & Short-term

- UAV, UCAV systems are being designed with the #m of suppréssing encmy defences {nét
risking pilots). The designs are not necessarily highly manoeuvrable.

Current- & Mid-term

- The AWACS are to bz replaced by ESR Sensor zircraft. Long endurance at high altimudes will
require high t/e (15-23%) wings swept a1 30 deg. The projected L/D is 30 for aspect ratio 20
to 30. This'may imply joined wing configurations with appreciable laminar flow,

~ Nop-Planar Configurarions, Winglets;

- Tili-Wing, 4-Enginad version.

- Longer-term. Assessments Current. Priorities subiccto Revision

- Further continued improvements to existing projects.
- UAV Wings, Obliqus wings. v '

- Highly Manoeuvrable, Air-to-Air Vehicles.

- Supersonic Combat UAV's,

-SWARM of UAV's.

- Wing-in-Ground (WI3) Craft.

- Directed Energy Concepts.

1.2. A Brief Note on OQur Work

The author has worked in Configuration Aerodynamics and related R & D for the best part of
three -decades. Clients include, British Aerospace, DERA / QinetiQ, Rolls Rojes & AFRL.
Projects include: Gnat (RAF advanced trainer), Concorde, Flarrier, Evro-fighter, Advanced
STOVL, Stealthy Wings, Advanced $3T, Blended Wing Body (BWB) Alrersft, HSCT, UAV
Wings, Obliqne Wings and joined wings. More "fimdamental” work relates to Inverse Design
Mesthods, Vortex flows, high lifi on 2-D'& 3-D wings, and Store Separation (incl. STOVL jets).

Several special technigues heve been developed for dealing with design & assessment of
unusual advanced configurations. Propulsion issues heve been addressed e, Intake Design,
inclusion of ASTOVL Jets, ‘

Aspects of work have been presented in comtractor reports, at ;Intema‘im}ai (ATAA, RAeS,
CEAS), NATO (AGARD & RTO) meetings and in Aerospace Journals (e.g, Refs2-16).

1.3. Introduction to Present Waork

The over-riding objective is 1o support the work prograrmume of the Aerodynamic Configuration
Branch in design / assassment of several tipes of configurations. Following communications
with the laboratory; the first configuration of interest is the Sensor Craft with two joined wings
{(dihedral/anhedral "box-wing” with extensions in fromal view),

&
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The Joined Wing concept conteived by Wolkovitch in the 1980's (Refs,17-18) features
diamond-shapes in the plan and from views, Several aircraft applications ‘were proposed
(Fig.1.3.1). Some of the ideas were carried into experimentst resezrch afrcraft and RPVs. These
generally had a "mixed reception” but confirmed some of the advantages claimed over
“equivalent” conventional aircraft in terms of acrodynamic (large AR Reasibility) and strictural

efficiency. There are however somg adverse problems also €5 spanwise flows ete., lack of fael

volume, junciion flows.

With advaness in techrologies melated to controls, propulsion. -and - flow control, there is
emphasis on re-visiting some of the older concepts and devising newser applications. Some have
been publicized, Fig.1.3:2, £.5. Prandd-Plane, Lockheed Fuel Tanker, Goldschmied (NASA),
Sensdr-craft etc. [Refs.19-20). Some shapes feature wings joined at the tips,. others pant way.
The tip-wings can be appropriately afi- or forward-swept. - '

To replace the AWACS alreraft, a proposal is fur remotély-controlled UAV sensor-craft. Such
craft take adventaze of high AR as well as enclosing an anténna in the airceaft diamond
planform. Such aircraft carry alarse proportion of fuel and are expected fo "loiter” at hish
altitudes. for a few days in each flisht. This implies 3 wide Cp - altitude capability, “The
"didmond” shapes offer useful stealth "complignee”. The acrofoil shapes need o b 3
tankage. The cruise Mach hurmiber is expected to be "high” subsonic. The low-speed near-field
performance is more akin to that of a ¢very) high aspect ratio wing glider. Take-0ff and landing
phases are eritical. o i ' o

The design demands obviously "conflict” and this has led to a challenging work programeme
towards suitable lavouts, ST T
The sensor aircraft as envisaged in Fig.1.3.3, is subject to a challenging flight envelope (mission
profile). At present, the design is relatively "Huid”. "Box" wings of different layouts arise. The
sensor craft has to cruise.and loiter (very high I/D) Tor substantial perieds and needs to carry a
large percentage of its all-up-weight (AUW) in fuel. The high aspect-ratio wings (sweep about
+- 35%) therefore need to be fairly thick This Tmplies emphasis on efficient acrodynamic-and

strictural loading. A particularly critical aspecet is the design of the wing juncture and LE / TE

design. Obviously there are many geometry parameters that arise implying substantial
computaltions, .

1.4, Present Work Programme

Suitable geometry parameters of the joined-wing configuration have been discussed with the

AFRL together with some preliminary results.

In the first phase with "seed" funding by EQARD, the following aspects have been proposed
(setting-up, Desion & Solutions, Reporting & Presentation deliverables 1: '
L. Set up the methodology. of the design problem including flight envelope (Mach, altitude &
‘Scale effects). Indicate important / Critical Design regimes. = ‘
2. Set up appropriate georetry with thick eerofoil sections including junctions,
3. Solve for design (under approprizie constraints) of the wings with mutual interference and
alfowance for juncture effects.
4. Two typical cases are to be done, showing the effects of the main pacametric variations,
5. Results will-show the forces, moments and pressure distributions. Longiwdinal behaviour is
of primary Interest. A restricted effort will be directed toward laterals also.
6. Compiling a Report on the techniques used and results obtained with conclusions and
suggestions for further work.
7. Draft report is to be sent for comments before Issuing the final version, which is the main
Deliverable. '
8. Presentation on findings and future work possibilitiesat the AFRL leboratory during a WOS
visit (this effectively constitutes another Deliverable).




In view of the relatively small fisianeial scope of the present funding, more’ detailed and
pecessary parametde optimisation and other studies will be subject to further funds being
sanctioned.

1.5. Layout of Report -
The remainder of this report is in Sections 2 to 8 as follows:

Section 2 describes briefly the method and procedure for application.

Section 3 deals with the anticipated flight envelope and geometry aspects of configurations
feasible (AT1 with afi-swept outer tips, and FT1 & F12 hoth with forward-swept outer
1ips).

Section 4 refers tothe caleulations on configurations of the type ATI.

Section 3 refers to the edleilations on covifigurations of the type FT1.

Section 6 refers to the caleulations on configurations of the type FT2.

Séction 7 describes the scope of further work and Devilopment of Techniques.

Section 8 mentions Concluding Remarks. '




2. COMPUTATIONAL & MODELLING ASPECTS, METHODS USED

On novel layouts, often, the experience is thist the complexities "defy” an sutomated "hands-oft”
design process being uséd with confidence. {unique solutions dﬁﬁh{ﬂé} Therefore, wé have
chosen & process et allows & sigrificani understanding to be gainéd with reasonable manual

control over the design process (Re efs.4-3),

Panel and Euler codes are being utilised that enable assessment of the asrodynamic performeance
over the range of low to high speeds. Most of the early work ¢an be accomplished ‘with a panel
method. This is coasiderad adequate for design work at this stage as flight Mach fumber is of

the order of 1.6,

The Euler or Naviar-Stokes scIv ¢rs at subsonic speeds imply CPU hours rather than minutes for
the panel codes. Their usage is appropriate when definitive configurations have beén drrived at

The camber and twist design; under force and morient constraints; is via prewauskv validated
attained suction design methods (Refs.2, 6, 7,8, 9,10, 1), In view of the very high aspeci ratios:
involved, t’ms process has been simplified anduses  restricted set of camber and twist modes.

An inverse design method usmu 3-D membrane analogy (Ref:3) can "tailor” and "fincstuns”
acrofoil shapes for more optimum pressure distributions as required.

LS ]
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3. FLIGHT ENVELOPE, REYNOLDS NO, & CONFIGURATION CONSIDERATIONS
3.1. Flight Envelope, Reynolds Number Effects.

Previous work conducted at the AFRL indicated that the main sizing driver aspect is the
integration of a "rhombic™ antennz, This leads to very thick serofoils. The paylowd and range
performance demands lead to the design of thick aztofoils (t/c normal to the LE, betwaen 15 and
21%) operating at high Cy, values, Fig.3,1.1.

Mission Profile dnd Reguirements are shown in Fig.3.1.2.

The AFRL studies indicated flight ¢onditions as summsrised in Fig3.1.3.

Fig.3.1.4 gives an idea of Alttude and Weight relationships dutihg a typical mission. The
Reynolds number variation is also depicted. Fig3.1.5 shows the Mach number and Cp,
relationships (Cy based on the front wing area, Section 3.2). Take-off is near Cp of ﬁa;%s_f;\af
Mach 02 (Re 1414 x 108/R), whilst landing is at Cp_of 0.7 st Mach 0.15 (Re 1.06 x 106/f),
The Mach 0.6 cruise C_varies from 1.58 o 0288 (Re 044 x 109/ to 0.345 x 105/5).

It is interesting to reflect that on conventional aircraft the cruise C values are near 0.5 and take-
off / landing Cr, values near 0:8 10 1.2,

As the thick aerofoil sections give an appreciable range of Cj, operation, we now have to focus
on whitt Cy, 16 chose for design. We need to have an idea of the "aftained operation ranges (or
bands)” for “attached” flow,

Fig.3.1.6 shows estimates of "attained operation ranges”, for 15% e, 35° afi- and forward-
swept wings, sssuming = wing-span of 200 fi, chord of 6.640006 ft (dimznsions zre bdsed on
Section 3.2).

bandwidth bétween 10.5° (root) - 8% (mid) - 10° (5ip), whilst the forward swept winig gives &
bandwidth of 6.5° (root) - 8.4% (mid) - 14° (Hp).

The curves corrésponding 10 cruise conditions arz mors demanding. The aft-swept wingpivesa

-Fig.3.1.7 refers 1o 17296 ve sections. The incrséasing e "expands” the bandwidths appreciably,

The minimum operating design ¢ of about 4° would seem reasonable to start with at this stage.
Once confidence is buil up in the techniques,; higher dasign angles can be attempted as ‘well as
maximising eraise L/D,

For maximising L/D, The. lifi-induced drag term Cpy; must equal the profile drag term Cpyg
{comprising plamey wing friction-drag and wave-drag (if any)). We will therefore eventually
nsed 10 ascertain viscous effects.

It i¢ interesting to reflect on how such-a eraft of very high AR could be tested in a wind tunnel,
Because of large wing-span and small local chords, a large wind tunngl section would be ideally
required. The popular tunnsls range between 8.and 16 i and these ate thought to be rathier onthe
sinzll side for these configurations. Another associated problem is the stiffness of the model in
zero-elastic sense. Bending and twisting modes are Ekely 1o be présent,

So theorstical work needs to be pre-requisite before any large-seale experimental models are
attemptad.

3.2. Reference Configuration (AFTRL) with Aft-Swept Tips - Config, AT}
Fiz.3.2.1 shows the general arrangement of the sénsor ofait with 9“d1hc.c1ra! on the fore-wing

and 9% anhedral on'the aft-wing. The fusslage shape is essentially "notional” at this stage. Note
the location of conmrol surfaces. These are not supposed to interfere with the anterma.




Brief Reference Projected Planform Geometry

Fore-Wing of Aspect Ratio 30.12, Taper ratio 1.0, Sweep 35°
Wing Span 200 ft.. ‘ ‘
Fare-Wing Gross Area = 1320 f2

Af-Wing of Aspect Ratio 21.97, Taper ratio 1.0, Sweep -35°

Wing Span 1505 (joined 1o the fore-wing atbetween 140 & 130 fi)

Afi-Wing Gross Arca =957 ft= '

Cpary = 6.640006 ft = gy

For zase of modelling we have chosen semi-span-as 1.0 and the most leading-point (i.e.
the forwird wing apex) is chosen as the reference point for pliching moments and
measurements. The reference area is the area of the forward wing. The reference lengih is

the ¢y (which is the same for both wings).

A basic super-critical serofoil with te = 15% streamwise is the starting point. The camber
and twist variations need to be designed. ;

A typical case with te 17.2% has also been run {Config. FT1 series).

Tilmarin et al (Ref21) mention the design of thick agrofoils and these can be incorporated,
ag and when required.
3.3. Two Possible Alternative Layouts with Forward-Swept Tips, Confizs. FT1 & FT2
To improve handling and to reduce the "build-up" of loading on the swept tip, particularly
during "off-design”, the author has proposed (Fig.3.2.1) incorporation of a forward-gwept wing
tip. Two arrangements arise:
Config. FT1
The front wing has dihedral and the aft wing has anhedral. The wing-tip has dihedral, joined
either to the forz-wing or the aft-wing with suitable "eranks”.

Config. FT2
This variation implies that the front-wing will have anhedral and the afi-wing will have dihedral.
“This will ensure that the spar of the afi-wing will essentially rémain "urbent". From-a practical
viewpoint, we will need to assess the fuselage and intake integration. '
‘We now nesd 1o look at each configuraton In tum and assess the relative merits of the various
layouts. ‘

For configurations that have a considerably large flight envelope, the off-desion considerations

‘Become very imporsant. It is-desirable that, for a given pitch stability Jevel, the tendency for flow
separation does not increase with increasing angle of attack, o

In each pasz, we need 10 assess angle of attack and camber effecis prior o desizn,
The designs are essentially "first-cut” to demonstrate the major effects. Obviously the addidon

of fuselage.and intakes will have localised effects and these can be introduced at a later stage.
The pitching moment effects may be more significant.




4. BASIC PLANFORM EFFECTS, SPANWISE LOADINGS, STATIC STABILITY
CONSIDERATIONS, Config. AT1, Mach 0.6

4.1. Basic Planform Effects, Uncambered Case

Fig4.1.1 shows the general arrenigement and 2 3-D perspective, This has been modelled ag 3
wing components: front, aft and the outer tip. Fig:d.1.2 shows the uricambered asrofoill shapes,

Fig.4.1.3 shows the Cy and Cpy (sbout the mist eadifig point) charscteristics. Also shown are
the contributions due 1o the 3 component wings. Note that the forward wing carfies more 1ift
than the second wing as misht be expected from gownwash considerations. The neuiral point is
loeated at x/s = 0.552 (a5 marked on Figid.1.1). ' ' o

Fig.4,1.4 shows the spanwis lift loadi nps due to‘arigle of aitack, on the 3 wing components and
their sum. The forward wing is mors loaded towards the wing-juntture. At the cenwre-ling, i
spite of the downwash effects, the aft wing carries more loading #nd this is to beexpected ona
Forward-swept wing. For minimum drag of the iotal confizuration, a near elliptic 1ift loading'is.
required, a5 shown. For this layout, however, relatively high loadings appear near the wing tip,

295%nd 5.25°. The correspoiding Cr, values are 0.0, 0.580, 0.759 and (.936. Note the increase
irr LE loads gs ¢ increasss. ‘

Fig.4.1.5(a-d) shows the chordwise loadings along various wing sectioms at & = 0°, 3.25%,

At a given design condition (Cy, and @), one could design camber-and twist for minimum drag
efliptic loading, but the tendency at off-design will be to depart fram the ellipte loading. This
will have implications on pitch stebility,

4.2. Designed Case

The minimum Cy, design point is related to landing. We have chosen CﬂI{ = (.768 ie. eguivalent
flat wing o of 4.25°. We have tried to approach the elliptic loading for he design. In view of the
thick sections and-anticipated atiached tlow bandwidths; the operational range shoild extend fo

Cp of 1.5.

The twist and camber parameter variations along the wing-span {of the three wings) are.shown
in Fig.4.2.1. Note the characteristic twist and camber differences for the forward-swept and aft-
sweptwings. The front wing has less twist and camber, compared with the rear wing.

Fig.4.2.2 shows the acrofoil design shapes compared with the uncambered case.

Fig.4.2.3 shows the Cp_ - a a1d Cgy - Cp characteristios. “The CGfor this design is located atx/s
= (0.546. The CG position can be controlled-easily, if required, by very small sdditional changes.
in twist. This is however not considered worthwhile in view of the preliminary nature of the
study and considering that fuselage and intakes still need w incorporated.

Fig.4.2.4 shows the spanwise lifl loadings due to angle of sttack; on the 3 wing components and
their sum. For minimum drag, a near elliptic lift loading is required. as shown. As angle of
attack increases, the tips show higher loadings. '

Fig.4.2.5(a-c) shows the chondwise loadirigs atong various wing sections at &= 3.25%,425% and
5.35°, The corresponding Cp_values are 0.588, 0.768 =nd 0.046.

Note the upper surface flat-top nature of the cherdwise pressure distributions (c.L pncambered
case. Fig4.1.5), Geometry dewils near the wing junciure cotld do with some local
improvements, 1f required.

43. Designed Case at Low Speed (Mach 0.15)

We have briefly examined the fow speed capability of the designed layout of the previous
section, LE and TE flaps remain to be included, however.
5]
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Flg43 i shows the Cp, ~ & and Cp, - Cp characteristics. The Mach 0.6 design has bes

evalinted at 0.15. The TG for fhis desien 5t Mach-0.15 s Iocared 2¢ /s = 0.553, which is
sherhtiv aft of the comparable Mach 0.6 Tocation at ¥/s = 0,546, The CG positions and resulting
Cmf_) can be controlled easily, if required, by using LE / TE ﬂ’aa*s at the lower speed condition.
This work nzeds 1o be continued.

Fig.4.3.2 shows the spamwise lift loadings on the 3 wing components and their sum, arising due
10.angle of stack. Forminimum drag. a near elliptie lifi loading is required, as'shown. As angle
of attack increases, the tips show slightly higher loadings.

Fig.4.3.3(a-¢) shows the chordwise loadings along various wing sections at o = 3.25°, 4.23° and
5.25%, The eorresponding Cf, values are 0.520, 0.677 and 0. 833,

boqw

The process confimms the ability to pinpoint the main flow features and 10 tackle the design of
high aspect ratio joined-wing lavouts at high and low spéeds.
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5. BASIC PLANFORM E FFECTS, SPANWISE L’;&D{NGb, STATIC STABILITY
CONSIDERATIONS, Config. FT1, Mach 0.6

5.1. Basic Planform Effects, Uncambered Case, 15%t/c

Fig.5.1.1 shows the general arrangement and g 3-D perspective. This has been modelled-as 3
wing components: front, aft and the outer tip. Fig.5.1.2 shows the uneambered serofil shapes.

Fig.5,1.3 shows the Cp and Cpy (about the most leading point) characteristics. Also shown are
the contnbutmns due to the 3 component wings. As previously, the forward wing carries more
lift than the second, dus to downwash donsiderations. The neutral pamt is located at x's = 0.528
(as marked on Fig.5.1.1).

Fig5.1.4 shows the spanwise Lift loadings dus 1o anﬁie of attack on the 3 wing components and
their sum. The forwa ard wing is more loaded towards the wing-jimcture. At the centre-ling, in
spite of the doxm“&h effecis, the aft wing earries more loading and thisis tobe expected on 2
forward-swept wing, For minimum drag of the total corfiguration, a hear elliptic’lift loading is
required, as shown. On this layout, relatlvdv lowsr loadings appear near the ng tip-and overall
the Hft loadings are near “¢lliptic" (e\cept for a very small discontinuity near the Juncture), :

Fig.5.1.5(a-d) shows the chordwise loadings alonz various wing sections at a0 =0°, 3.23°, #, 257
ané 5:25°, The corresponding Gy values are 0.0, 0.58, 0.739 & 0.936. Note the increase in LE
loads as e incresses,

For this configuration, the minimum drag, elliptic loading is more easily r matched not mﬂv ata
given design condition (Cy and ), but-also over an “extended” off- design range.

5.2. Designed Case, 15%t/c

The minimum CL desizn point is related 1o landing. W have chosen €y = 0.76 Le. equivalent

flat wing o of 4.25°. We heve tried to keep the spanwise loadings’ similar to those for the planar
case rather than perfectly elliptic. This implies neutral stability. In viewof the thick sections and

anticipated attached flow bandwidths, the operational range should estend 1o Cp of 1.5

The twist and camber parameter variation along the wing-span is shown in Fig. 5.2.1.
Fig.5.2.2 shows the aerofoil shapes compared with theuncambered case.

Fig.5.2.3 shows the Cy, - e and Cpy; - Cy, characteristivs. The CG for this design is located at x/5
= B.:Q;. The CO position can be controlled easily, if required, by very small additional changes

in twist. This is, however, not considered worthivhile, in view of the preliminary nature of the
study and considering that fusslage and intakes ill nead 1o incorporated,

Fig.5.2.4 shows the spanwise lift loadings due fo angle of attack on the 3 wing components and
heir sum. For minimum drag, a near elliptic i imf‘mg is required, ss shown. As angle of
amack increases, the tips show loadings lower t}m the elliptical shape. The small dszco"mnuttv

at the wing junciure has been atlowed to "persist”.

Fig.5.2.5(a-¢) shows the chordwise Ipadings along various wing sections at o = 3.25%, 4.25% and
5.25°. The corresponding Cy values are Q. :32, 0.761 and 0.940.

Note the upper surface flat-top nature of the chordwise pressure: distributions {c.f. uncambered
czse, Fig.5.1.5). Geometry details near the wing junceure could do with some local

zmn*cwmenta if required.

The process: continues to confirm the ability to tackle the main flow features, design and detail

design of high aspect rafio joined-wing layouts.
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5.3. Basic Planform Effects, Uncambered Case, I-T..f!;%t)’c

Fig.5.3.1 shows the general ‘arrangement and a 3-D perspective. This has been modélled a3 3

wing companents: front, aftand the omter tip. Fig.5.3.2 shows the uncambered zerofoil shapes.
Fig:5.3.3 shows the C1, and Cp, (about the most leading point) charactsristies: Also shown are
the contribrarions due t the 3 component wings. AS previously, the forward wing carrics more
life than the second; due to downwash considerations. The néutral point is located at x/s = 0,528
(asmarked on Fig5.1.1).

Fig.5.3.4 shows the spanwise 1ift loadinas due to arigle of attack on the 3 wing components and

their sum. The forward wing is more loaded towards the wing-juncture: At the centre-line, in
spite of the downwash ¢ffects, the aft wing camrigs more Joading and this is:to be expected on a

forward-swept wing. For minioum drag of the twtal configuration, 2 near élliptic lift loading is

required, as shown On this layout, relutively lower loadings appear near the wing tip and cverall
the lift loadings are near “slliptic”, The wing juncture Joadings can be improved, if required,

Fig.5.3.5(a-d) shows the choriwise loadings along various wing sections at & = 0°,4%, 3° and
6°, Thecomesponding Cy, values are 0.0, 0.719, .399 & 1.073. Note the increasein LE loads as

o Increases.

For this configuration, the minimun drag. elliptic I_c;’n;i;ngis* more easily merched; not only at 2
given dexign condition (C, and o), butalso over an "extended” off-dssign range.

5.4, Désigned Casg, 17.2%t/¢

We have chosen Cp = 0.711 i.e. equivalent flat wing o of 4°, We have tried to keep the loadings
similar to those for the planar case rather than-perfectly elliptic. This implies neutral stability. In
view -of the thick sections and anticipated attached flow bandwidths, the operationa! range
should extend to Cy_of 1.5+

The twist and camber parameter variation along the wing=span is shown in Fig.5.4.1.
Fig.5.4.2 shows the asrofoil shapes compared with the uncambered cass,

Fig.s.{i.a shows the Cp - wand Crp, - €y characteristics. The CG for this design-is located at x/%
=0.53. The CG posinon can beé easily controlled, if required, by very small-additional changes

Fig,5.4.4 shows the spanwise lift loadings due to angle of atteck on the 3 wing componealy and
their sum. For minimum drag, a near elliptic lift loading is required, as shown. As angle of
attack increases, the tips show loadings lower than the elliptical shape.

Fig.5.4.5(a-¢) shows the chordwise loadings along various wing sections at & = 4%, 5° and 6°.
The correspending C1, valugs are (L711, 0.891 and 1.071.

Note the upper surface flat-top mature of the chordwise pressure distributions (c.f. uncambered
case, Fig5.1.5). Geometry detail near the wing juncture could do .with :some local
improvements, if required,
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6. BASIC PLANFORM EFFECTS, SPANWISE LOADINGS, STATIC STABILITY
CONSIDERATIONS, Config, FT2, Mach 0.6 | ‘

&.1. Basic Planform Effects, Uncambéred Case, 15% tic

Fig.6.1.1 shows the general armingement and a 3-I perspective. This has been modelled as 3
wing components: front, aft and the outer tip. Fig.6.1.2 shows the'uncamnbersd derofoil shapes.

Fig.6.1.3 shows the Cy_ and Cp; (about the most leading point) characteristics, Also shown dre
the contibutions due to the 3 component wings. As previonsly, the forward wing carries more
1ift than the sceond, due to downwash considerations. The netitral point is located at x/s=0.520
(zs marked on Tig.6.1.1}.

Fig.6.1.4 shows the spanwise [ift loadings due to angle of attack on the 3 wing components and
their stm, The forward wing is morc loaded towards the wing-functure. Az the centre-line, in
spite of the downwzsh effzcts, the aft Wing carries more loading and this is to be expected on a
forward-swept wing. For minimum drag of the total cotifiguration, a niear elliptic 1ift 16ading is
required, ds shown For this layout, relatively lower loadings appear near the wing tip and.
overall, the lift loadings are near "elliptic”.

Fig.6.1.5(a-d) shows the chordwise loadings along various wing séctions ate = 0°, 3,25%,4.23°

arid 3,25° The corresponding Cy_valuesare 0.0, 0.385, 01.764 and 0.942. Note the incressein LE
lozds as cincreases.

For this configuration, the minimum drag, elliptic loading is mote easily matched not only ata,
given design condition (C7 and o), -but also over an "extended” off-design range. '

6.2, Designed Case, 15%t/c

We have chosen Cp = 0.754 f.e. equivalent flat wing o of 4,25° We have tried to kegp the
loadings similar to those for the planar case rather than perfectly elliptic. This implies néutral
sisbility. In view of tiic thick sections and andcipated sttached flow bandwidths, the operational
rznge shonld extend to Cy_of 1.3, : '

The twist and camber parameter variation along the wing-span is shown in Fig.6.2.1. For
simplicity, this has been taken as being the same es that for the case of Section 5.1.

Fig.6.2.2 shows the @erofoil shapss compared with the uncambered case,

Fig.6.2.3 shows the Cr_ - a and Cp - O, characteristics. The (T‘-G—{fbr this design is located at-x/s
=0.572. This represents a slightly statically unstable case. The (G position can be contiolled
easily; if required, by very small additional changes in twist.

Fig.6.2.4 shows the spanwise lifi loadings due 10 angle of attack on the 3 wing components and
their sum. For minimum drag, a near elliptic lift loading is required, as shown. As angle of
attack increases, the tips show loadingsapproaching the elliptical shape.

Fig.6.2.5(a-¢) shows the chardwise loadings along various *w%"i-ngséc;tiﬁrﬁﬁ at @ = 3.25°,4.25%nd
.25°. The corresponding Cy: values are 0373, 0.954, 0.932.

Note the upper surface flat-top nature of the: chordwise pressure: distributions (c.f. uncambered

case, Fig.6.1.5). Geometry detail near the wing juncrrs could do with local improvements, if

required.

The process continues 1© confirm the ability o pin-point the main flow features and to tackle the

design of high aspect rado joined-wing layouts.
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7. FURTHER WORK

: ’ So far we have lucked &t Mach 0.5 design on three dxﬁerenz types of sensor-craft, joined-wing
. layouts. Severa] intercsting features have emeraed But there is more to do!

Further work is-seen in & number of aspects and these are Hsted as ﬁ:sf%mv:

- Lower speeds, field performance considerations.
- Parametric geometric studies.
- Appropriate method development.

i - Different désign Cp, studies as required.

* - - Differsnt aemzmis tncorperation, if required, from the point of view of validation with CFD
and transonic codes.

E - Pitching moment, static margins conrol.

- LE / TE Flap: setfing geomeétry restrictions, seginentation, effects séparately and combined.
‘ - Fuselage / Intake incorporation, additional effects on forcds and moments.

r‘ " - Inclusion of viscous sffects, spanwise pressure ’graﬁiﬁenm contral,

- Deag prediction.

< Off-design performance.
- Include asro-glastics,

- Lateral and dirzetionial characteristics estimation.

- Creating. full 3-D geometry model.

- Choice of type of configurations (AT or FT series).
- Experimental work (various aspects)

3% st
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It is apparent that we are only at a starfing post and a sizeable, interssting work programme
remains!

8. CONCLUDING REMARKS

To replace the AWACS aireraft, a proposal is for repjotely-controlled UAV sensorscraft. Such
craft take advantage of high aspect:ratio (AR) as well as em:!asm___, 4n antenna in the aireraft
: diamond piamam The am:raiz carry a large proportion of fuel and ™loiter” at high altitudes for
E a few days In each flight, fimplying a wide CL - altitude capability. )

This report has been concerned Wm‘a configaration and desmn studies of high AR sensor-craft
Implications of typical flight envelope on wing design dspects have been mentionad,

. , Three different types of joined-wing layouts have been proposed. The configuration differences
I arise due o the orfentation of the outer wing tip whether it is conventionally aft-swept or

forward-swept.

Results have been presented for wings with uncambered sections end then with desiened carber

- and twisted sections.

! Layouts with forward-swept outer tips give spanwise loadings which are possibly more tolerant

| » at af“-deszcn conditions over the wide flicht envelope. Sueh confizurations may have less
1 tendency for wing-drop at high lift. Morse toa dmv occurs on the fmnﬁ‘v{mﬁ near the Juncuurs,

rather than at the outer wing tip.

Further work has been proposed in several areas.

...
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LIST OF SYMBOLS & ABBREVIATIONS
Only the general symbols are defined here. Other syitthols are of local significance within the
gction they arfse n. -
3
i AR Aspeet Ratio
: A Axial Force atang wing-plane x-axis (for definition of Cy)
b =12 5, Wing span ‘
BL Boundary Layer
¢ Local Wing Chord
! Tpopny = ¢ Agrodymamic Wing Chord
Ty = &= g5 Averaze Wing Chord
Cy = AN(q'S), A%is Forze Cosfiicient, maasird in Wing plan2
Car = Local Axial Force Coefficient
cp = D #(q 5), Drag Cosfficient
Cno Drag Coefficient 2t 2er0 lift (see text)
Cpy Lift Indiced Dirag
| G Centre of Gravizy
ol =1/(q $), Lift Cosfficient
: =33 = Local Lift Coefiicient
Clmay  Maximum Eift Cosfficient
Cn =m/(g’S tf, Pitching Moment (Body Axis) defined about x¢q or Reference point
i Cag  Cpatzeralif
Cx =NKq'S), Notméi Foroe Coefficiert
o Coefficient of Pressurs
: & Wing Roox chord
I 2 Wing Tip chord
i D Drag foree
S =('A Cpy/Cy 2, Lift Induced Drag Factor
L LIt Force
LE Terding Edee .
LEF Leading Edge Flap
m Pitching momen: {Body Axis)
M Mach Number
g =05 p V2, Dnramic Pressurs
r Aerafoil radius '
T Aerofoil radius rormalte ¢
R Reynolds Numbsr, basad on oy (unless otherwise stawd)
5 Wing serii-span
5 Wing Arca, taken hese as-{frontwing + tip-wing) arca
: t Acrofoll thickness
] TE Trailing Edge
: TEF Trailing Edge Flap
1 v Alrstréam Velocky
Yz Orthoguiial Wing Co-prdinztes, xalong body axis
Xap Location of Aerodyaamic Centre or Neutrai point along x-axis.
Noe 8, & xpq coincide when stetic mwsegin s zato.
b Ao Location of Centrz of Grevity or Moment refersnes Paint glony x-axis
Xop Location of Centre of pressure along xeaxis
o ‘Angle of Attack, veinlly reférred to the body axis
|3 Taper Ratio
A LE Sweep Angle
g Air Dansity
7 = yfs, Non-dimensisnz! spsnwise Distance
18
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FIG, 1.31 JOINED-WING CRAFT (WOLKOVITCH)
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FIG. 1.3.2 SEVERAL RECENT JOINED-WING APPLICA
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